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Abstract
Denaturation was examined for the first time in a ternary mixed solution of
water/hydrophilic/hydrophobic organic solvent using λ-DNA and a plasmid
as models. The absorbance of λ-DNA and the plasmid at 260 nm gradually
increased for several days up to 1.68 and 1.38 times the initial values, respectively, in a water/acetonitrile/ethyl acetate (15:3:2, volume ratio) mixed solution, whereas there was little change in a water/acetonitrile (15:3, volume ratio) mixed solution. The plasmid treated with the ternary mixed solution was
also examined with agarose gel electrophoresis. These experimental data indicated that λ-DNA changed from a double helix structure to a single helix
structure and that the plasmid partially transformed to generate a denaturation bubble in the structure. The new idea of using the ternary mixed solution
first enabled the interaction of the hydrophobic organic solvent (e.g., ethyl
acetate) molecule with the double helical structure of DNA, leading to specific
slow-proceeding denaturation.
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1. Introduction
DNA denaturation and renaturation are important phenomena in a wide research area including biochemistry, analytical chemistry, and analytical science.
DNA denaturation occurs when the hydrogen bonding between nucleotides is
disrupted, and results in the separation of the strands. For example, denaturation of DNA due to high temperatures causes the disruption of the base pairs
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and the separation of the double-stranded helix into two single strands. Other
than denaturation by heat, DNA can undergo denaturation through various
chemical agents such as formamide, dimethyl sulfoxide, propylene glycol, and
urea [1]. These chemical denaturing agents lower the melting temperature by
competing for hydrogen bond donors and acceptors with the pre-existing nitrogenous base pairs. Some agents are even able to induce denaturation at room
temperature. For instance, alkaline agents (e.g., NaOH) have been shown to denature DNA by changing the pH and removing hydrogen-bond contributing
protons [1]. Also, many researchers have reported denaturation of DNA in
mixed solutions, such as water/ethylene glycol [2], water/NaCl/hydrophilic solvents or compounds [3], water/glycerol [4], and water/alcohol [5]. However, as
far as we know, nobody has examined denaturation of DNA through interaction
between DNA and hydrophobic organic solvents, such as ethyl acetate, naturally
because DNA molecules cannot contact directly to hydrophobic organic solvent
molecules.
In addition, an area of partially separated DNA is known as the denaturation
bubble [6] [7] [8] [9]; non-covalent interactions between antiparallel strands in
DNA can be partially broken in order to open the double helix when biologically
important mechanisms such as DNA replication, transcription, DNA repair or
protein binding are set to occur. Currently, biophysical and biochemical research studies are being performed to more fully elucidate the thermodynamic
details of the denaturation bubble [7].
In our previous paper [10], we reported that the peak shapes in the chromatograms of λ-DNA changed with a ternary water/hydrophilic/hydrophobic organic solvent mixed solution through the absorption detection at 260 nm, but
the reason remained unclear. In this study, DNA denaturation and the denaturation bubble were examined in a ternary water/hydrophilic/hydrophobic organic
solvent solution using absorption spectroscopy, which was a challenge to know,
for the first time, interaction between DNA molecules and hydrophobic organic
solvent molecules. The hydrophobic organic solvent molecules in the ternary
mixed solution could interact with DNA molecules in the solution to cause eccentric denaturation.

2. Experimental
2.1. Reagents
Water was purified with an Elix 3 UV (Millipore Co.). All reagents used were
commercially available and of analytical grade. Acetonitrile, ethyl acetate, and
λ-DNA (0.35 μg·μL−1, MW 31,500,000, 48,502 bp, containing 10 mM Tris-HCl
(pH 7.9) and 1 mM EDTA) were purchased from Wako Pure Chemical Industries, Ltd. Plasmid (0.12 μg·μL−1, 5446 bp, containing 10 mM Tris-HCl (pH 7.9)
and 1 mM EDTA) was replicated from pcDNA3 (Invitrogen Co.).

2.2. Absorption Analysis and Electrophoresis
Absorption analysis was carried out by an ultraviolet-visible spectrophotometer
41

Y. Ito et al.

(JASCO Co., V-630). λ-DNA and plasmid original solutions were diluted with
water, binary mixed solutions, and ternary mixed solutions to give fixed concentrations. Absorption spectra of λ-DNA and plasmid in the solutions were measured after every standing times. Absorbance at 260 nm in the spectra was examined in detail for DNA denaturation.
Agarose gel electrophoresis was performed using an electrophoresis system
(Mupid-2Plus, Mupid. Com.) as follows. 15 μL of the water/acetonitrile/ethyl
acetate mixed solution (15:3:2, volume ratio) containing plasmid (0.12 μg·μL−1),
5% glycerol, 0.09% SDS and 0.005% bromophenol blue was subjected to agarose
gel electrophoresis. Plasmid was migrated in the gel containing 2.28 nM ethidium bromide with 100 V for ca. 40 min. After the migration, the gel was irradiated with ultraviolet rays to observe the separated plasmid bands.

3. Results and Discussion
3.1. Denaturation of λ-DNA in Absorption Behavior
Figure 1 shows the absorption spectrum of λ-DNA in the ternary water/acetonitrile/ethyl acetate solution. The component ratio was adopted based on a preliminary experiment concerning λ-DNA solubility with the mixed solution [10].
The absorbance gradually increased with increasing standing time up to 48 h,
while, generally speaking, DNA denaturation by heat occurs very quickly within
several minutes and that by chemical agents also occurs at most in several hours
[1]. There was quite difference in denaturation rate between the conventional
methods and the present one. At the absorbance maximum of 260 nm, the absorbance increased by a factor of 1.68 times from 0 to 48 h standing time. The
change in absorbance of λ-DNA is due to change in structure from a double helix to a single helix, i.e., denaturation [11] [12] [13].
We also examined the absorbance of λ-DNA with the ternary mixed solution
as well as with pure water and a binary water/acetonitrile (15:3, volume ratio)
solution for 120 h standing time (Figure 2). All plots in the figure were average

Figure 1. Absorption spectra of λ-DNA in the ternary mixed
solution. Conditions: solution, water/acetonitrile/ethyl acetate
(15:3:2, volume ratio); standing time, (a) 0, (b) 10, and (c) 48
h; temperature, 23˚C; and λ-DNA concentration, 0.8 nM.
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Figure 2. Absorbance vs. time for λ-DNA in (a) pure water, (b) water/acetonitrile (15:3,
volume ratio), and (c) water/acetonitrile/ethyl acetate (15:3:2, volume ratio). Relative absorbance on the vertical line is estimated based on the absorbance at 260 nm for the
standing time of 0 h. Conditions: temperature, 23˚C and λ-DNA concentration, 0.8 nM.

values of 5 - 7 measurements. As shown in the figure, there was little change in
the absorbance in both cases. The λ-DNA solution of the ternary mixed solution
that was left for 48 h was diluted 5 times with water to obtain a component ratio
of water/acetonitrile/ethyl acetate of 95:3:2, and then left for an additional 48 h.
The molar absorption coefficient did not change, maintaining a constant value
of ca. 0.80 L·cm−1·nmol−1 during the dilution. The denaturation of λ-DNA must
be due to the presence of hydrophobic organic solvent, ethyl acetate, but the renaturation was not observed through the absorbance change under the present
dilution treatment.
The increase in absorbance at 260 nm of λ-DNA in the water/acetonitrile/ethyl acetate (15:3:2, volume ratio) mixed solution was compared to those
in other ternary mixed solutions with the same component ratios. We determined their relative absorbances by defining the absorbance at 260 nm of λDNA (0.8 nM) in water/acetonitrile (15:3, volume ratio) for 48 h standing to be
1.0. The values of relative absorbance for water/acetonitrile/ethyl acetate, water/acetonitrile/chloroform, and water/acetonitrile/hexane were 1.60, 1.07, and
1.15, respectively. Those of water/acetonitrile/ethyl acetate, water/methanol/
ethyl acetate, and water/2-propanal/ethyl acetate were 1.60, 1.20, and 1.35, respectively. There was no absorbance change for water/methanol and water/2propanal (15:3, volume ratio) mixed solutions. Thus, the hydrophobic organic
solvent plays an important role in the denaturation that occurs with the ternary
mixed solutions. The water/acetonitrile/ethyl acetate mixed solvent solution
showed the largest change in absorbance at 260 nm of λ-DNA. Chemical and
physical property of the ternary mixed solutions may cause other unique and interesting phenomena in DNA research area in future.
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3.2. Denaturation of Plasmid in Absorbance Behavior
Figure 3 shows the time dependence of the absorbance of the plasmid at 260 nm
in pure water, water/acetonitrile (15:3, volume ratio), and water/acetonitrile/
ethyl acetate (15:3:2, volume ratio). All plots data in Figure 3 were average values of 5 - 7 measurements. The absorbance in the ternary mixed solution gradually increased with time until 120 h. The absorbance at 260 nm increased by
about 1.38-fold from 0 to 120 h standing time. After that, there was no change in
the absorbance for a total of 240 h standing time. The absorbance in the other
solutions increased by less than 1.1-fold. The denaturation of λ-DNA is nearly
complete when the relative absorbance is 1.68, but the plasmid is only partially
denatured at 1.38. This will be discussed in conjunction with the electrophoretic
data mentioned below.

3.3. Denaturation of Plasmid in Electrophoresis
We examined the structure of the plasmid with agarose gel electrophoresis, but
could not do that with λ-DNA because of its large molecular weight. Figure 4
shows the electrophoretic bands of DNA. The conditions are described in the
figure caption. The lanes of (a)-(b) mainly comprised two bands: slow-migrating
bands due to the open circular structure and fast-migrating bands due to the super-coiled one. In the order of (a) water, (b) water/acetonitrile (volume ratio,
15:3), and (c) water/acetonitrile/ethyl acetate (volume ratio, 15:3:2), the density
of the slow-migrating bands increased and that of the fast-migrating ones decreased. In other words, the super-coiled structure changed to an open circular
structure with acetonitrile and even more so with ethyl acetate.

Figure 3. Absorbance vs. time for plasmid in (a) water, (b) water/acetonitrile (15:3, volume ratio), and (c) water/acetonitrile-ethyl acetate (15:3:2, volume ratio). Relative absorbance on the vertical line is estimated based on the absorbance at 260 nm for the
standing time of 0 h. Conditions: temperature, 30˚C and plasmid concentration, 0.12
μg·μL−1.
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Figure 4. Electrophoretic bands of (1) DNA ladder and 5.5 nM plasmid in Tris-EDTA
solution as well as plasmid treated with (a) water, (b) water/acetonitrile (15:3, volume ratio), and (c) water/acetonitrile/ethyl acetate (15:3:2, volume ratio). Plasmid treatment
conditions for (a)-(c): standing time, 72 h; temperature, 30˚C; and plasmid concentration,
0.12 μg·μL−1.

There was no evidence for the existence of a single-helix plasmid in the experiment; if a single-helix plasmid had existed, it would have migrated faster than
the super-coiled one. However, as shown in Figure 3, we observed a 1.38-fold
increase in the absorbance at 260 nm of the plasmid. This increase must be attributed to a denaturation bubble (partial change from double helix to single helix) [6] [7] in the ternary mixed solution.

4. Conclusions
Denaturation was examined for the first time in the ternary water/hydrophilic/
hydrophobic organic solvent mixed solution using λ-DNA and a plasmid as
models. The structure of λ-DNA changed from a double helix to a single helix
and the plasmid formed a denaturation bubble in the water/acetonitrile/ethyl
acetate (15:3:2, volume ratio) mixed solution. The ternary mixed solution first
enabled contact of a hydrophobic organic solvent (e.g., ethyl acetate) molecule to
the double helix of DNA to cause denaturation in the solution. DNA in the ternary mixed solution showed specific slow-proceeding denaturation, although it
was difficult to compare and discuss other reported data, because of no data
concerning DNA denaturation in ternary mixed solutions. DNA denaturation is
well known and widely applied in DNA-related research areas. However, DNA
denaturation also includes unclear aspects even now. DNA denaturation with
interaction of hydrophobic organic solvent molecules in the ternary mixed solution is interesting as a new type of procedure and may provide clues to further
clarify this process.
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